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The Earth and Planetary Sciences Division of the Naval 
Weapons Center, China lake, California, in conjunction with 
the U. S. Army, Atmospheric Sciences laboratory, White Sands 
Missile Range, New Mexico conducted a program of weather 
modification f ield experiments in the Panama Canal Zone 
during the months of Augus t through December 1972. 1 The 
program as originally designed was to have included experi-
ments both i n warm fog dispersal and in the enhancement and 
suppression of rainfall from convective processes. Because 
of several non-scientific reasons, this latter objective was 
droppe d . However, interest in rainfall modification in the 
Canal Zone continues for the following reasons. During the 
dry season of the year in the Canal Zone (December through 
May), near drought conditions often exist; while during the 
rainy season, flooding is an ever present danger. Both of 
these conditions interfere with efficient canal operations. 
The purpose of this paper is to prov " de assistance for 
planning and conducting cumulus cloud modification operations. 
The material presented herein was derived from the results 
of computer simulations with a one dimensional steady state 
cloud model in the same manner as Lowe, ~~, (1971)2 
compiled climatology of cumulus seeding potential for the 
Wester United States. This model is described in that paper 
as well as several others and needs no further discussion here. 
1NAVWEPCEN, 1972: Proposal to the Panama Canal Co. for 
fog dispersal and cloud modification in the Panama Canal 
Zone. Naval Weapons Center, China lake, Cali f ornia. 
2lowe , Paul ,D. C. Schertz, D. A. Matthews, 1971: 
A climatology of umu1us seeding potential for the western 
United States. NAVWEARSCHFAC Tech. Paper No. 4-71 . 
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The data utilized in this study consisted of radiosonde 
observations taken a Howard Air Force Base, Panama Canal Zone 
for the months of August through November, for the eight years 
from 1963 to 1970 inclusive. These data wer ~ acquired from 
the National Weather Records Center at Asheville, North 
Carolina. 
Simulations were made for a variety of cumulus cloud 
sizes whose radii varied from 0.5 km to 3.0 km for increments 
of 0.5 km. Further, the simulations accounted for various 
seeding temperatures (temperatures at which a cloud would 
become completely glaciated). These temperatures 
(-SC, -BC, -10C and -lSC) represent various techniques and 
intensities of seeding with silver iodide agents. Also 
natural glaciation was simulated using a glaciation tempera -
ture of -2SC. 
The results of t he simulation were categorized as in 
Lowe, et ~ (1971). These categories consist of no rain, no 
change, rainfall increase, and rainfall decrease. The proper 
category for an event was determined by comparing the natu r al 
simulation results with each of the seeding simulations. 
Then the probabilities of the occurrence of each event category 
were derived. These probabilities are presented in section 2. 
Next, the expected amounts of rainfall increase and decrease 
were calculated and these are given in section 3. Finally 
the potential yield from clou s of a given siz e and seeding 
technique were deri ad using the probability tables in 
conjunction with the values of expected (average) rainfall 







2. PROBABILITY OF INCREASING OR DECREASING RAINFALL 
There are two ways in which the probability of altering 
rainfall amounts can be calculated. First, the probability 
of an increase or decrease in rainfall can be determined for 








( 2 . 1 ) 
where N = total number of days for period considered 
NI = number of days for which modification would re-
sult in an increase of rainfall 
NO = number of days for which modification would re-
sult in a decrease of rainfall 
PR(I) = probability of increase 
PR{D) = probability of decrease 
Secondly, the probability of an increase or decrease of 
rainfall may be calculated strictly for those days on which 
natural rain is expected. In this case, the probabilities 
are given by: 
and 
N 
PI( D) = ~ 
R NR 
( 2.2) 
where NR = number of days for which natura l rain is expected 
PR{I) = probability of an increase of r ainfall on rainy 
days 




Tables 2-l(a), 2-1(b), 2-2(a) and 2-2(b) give both types 
of probabilities (for increase and decrease) on a seasonal 
basis as a function of cloud radius and seeding temperature. 1 
TABLE 2-1 (a) 
PROBABILITY OF ACHIEVING RAINFALL INCREASE 
ON RANDOMLY SELECTED DAYS 
(SEASON) 
Seeding Temperature ( 0 C ) 
Cloud 
Radius 
-5 -8 -10 -15 
0.5 km . 16 .10 .07 .03 
1.0 km .58 .53 .48 .32 
1.5 km .55 .53 .52 .40 
2.0 km .48 .51 .50 .40 
2.5 km .42 .44 .44 .41 
3.0 km .35 .34 .37 .36 
TABLE 2-1 (b) 
PROBABILITY OF ACHIEVING RAINFALL DECREASE 
ON RANDOMLY SELECTED DAYS 
(SEASON) 
Seeding Temperature ( 0 C) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km .01 .01 .01 .01 
1.0 km .04 .05 .OS .05 
1.5 km .13 .12 .12 
· 16 
2.0 km .21 . 18 . 16 
· 18 
2.5 km .29 .25 .24 
· 18 
3.0 km .38 .34 .31 .21 







PROBABILITY OF ACHIEVING RAINFALL INCREASE 
ON DAYS WHEN RAIN IS EXPECTED 
(SEASON) 
Seeding Temperature ( ° C) 
Cloud 
Radius 
-5 -8 -10 -15 
0.5 km .28 .18 .13 .06 
1.0 km .75 .69 .61 .42 
1.5 km .68 .65 .64 .49 
2.0 km .57 .61 .60 .49 
2.5 km .50 .52 .52 .49 
3.0 km .41 .40 .43 .43 
TABLE 2-2(b) 
PROBABILITY OF ACHIEVING RAINFALL DECREASE 
ON DAYS WHEN RAIN IS EXPECTED 
(SEASON) 
Seeding Temperature (OC) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km .014 .014 .011 .008 
1.0 km .04 .06 .06 .07 
1.5 km . 16 . 15 . 1 5 .20 
2 .0 km .25 . 19 . 1 9 .22 
2.5 km .34 .29 .29 . 22 
3.0 km .44 .40 .37 .25 
It should be noted that the percentage probabilities for 
expected rainy days are larger than those for randomly selected 
days. This is as expected. in as much as t he former are cal-
culated from a smaller sample than the latter ( ~ ee Eqs. 2.1 
and 2.2). Further. an examination of the tables reveals that 
the sum of probab i lities for increase and decrease are not 
equal to certainty (PR(I+D}=l). This arises from the fact that 
there ;s a third event--that of no change. This probability 
can be stated by: 
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where P (N) = probability of no change in rainfall . 
r 
Thus t he probability for no change (ran dom sample) for a 
cloud radius of 2 km and seeding temperature of -5C is .3 1 
(l - .48 - .21). 
Certain trends are apparent in the tables. In the prob-
abilities for increa s e (both samples) , there is a max i mum in 
the vicinity of 1 to 1.5 km cloud radius for the -SC and -8C 
seeding temperatures. At the -lOC and -15C seeding tempera-
ture, this maximum is displaced to 1.S to 2 km. Also there 
is a general decrease in probability with lower seeding tem-
peratures. The probabilities of achieving a decrease (both 
samples ) shows a definite rise with increasing cloud radius 
as well as somewhat of a decrease in probability with lower 
seeding temperatures. Aiso there appears to be little dif-
fere ~ ce in the probabilities for rainfall decrease at the -8C 
and -lOC seeding temperatures. 
Tables 2-3(a). 2-3(b), 2-4(a) and 2-4(b) show corre-
sponding percentage probabilities for the month of November 
which was noted as being the month of most ctive cu mulus 
phenomena. 
TABLE 2-3(a) 
PROBABILITY OF ACHIEVDJG RAINFALL INCREASE 
ON RANDOMLY SELECTED DAYS 
(NOVEMBER) 
Seeding Temperature ( 0 C) 
Cloud 
Radius -:5 
-8 -10 -15 
O. S km .07 .05 .03 .013 
1.0 km .58 .50 .40 .24 
1.5 km .63 .57 .52 .39 
2.0 km .62 .62 .58 .44 
2.5 km .59 .60 .58 .53 






PROBABILITY OF ACHIEVING RAINFALL DECREASE 
ON RANDOMLY SELECTED DAYS 
(NOVEMBER) 
Seeding Temperature (OC) 
Cloud 
Radius -5 -8 -10 -15 
0.5 0 0 0 0 
1.0 km .013 .02 .03 .03 
1.5 km .10 .09 . 10 .17 
2.0 km 
· 14 . 12 . 12 . 15 
2.5 km 
· 16 . 14 . 15 . 16 
3.0 km .26 .25 .27 .23 
TABLE 2-4 (a) 
PROBABILITY OF ACHIEVING RAINFALL INCREASE 
ON RAINY DAYS 
(NOVEMBER) 
Seeding Temperature ( ° C) 
Cloud 
Ra di us -5 -8 -10 -15 
0.5 km 
· 1 2 .07 .05 .02 
1.0 km .67 .58 .47 .27 
1.5 km 
· 71 .64 .58 .44 
2.0 km .70 .70 .65 .50 
2.5 km .65 .66 .64 .59 
3.0 km .60 .57 .57 .43 
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TABLE 2-4 (b) 
PROBABILITY OF ACHIEVING RAINFALL DECREASE 
ON RAINY DAYS 
(NOVEMBER) 
Seeding Temperature (OC) 
Clou d 
Radius -s -8 -10 -15 
O. S km 0 0 0 0 
1.0 km .015 . 02 .03 .03 
1.5 km .11 .10 
· 12 .19 
2.0 km .15 .13 · 14 . 1 7 
2.S km .18 . 1 5 
· 1 7 . 17 
3.0 km .29 . 28 .30 .26 
For November. the probab i lities for rainfall increase 
are. for the most part. higher than those for the seasonal 
sample. This is true for bot the random and rainy day 
samples. An exception to this is ~he case of cloud radius 
of O.S km where the November values are smaller. In addition, 
the optimum cloud size (cloud radius of greatest probability) 
is shifted toward higher radii. The probabilities for rain-
fall decrease are, in general, smaller in November as compared 
with the se asonal values. There is, again, the t endency for 
pro babilities to become larger with an increase of c l oud 
radius. However. a difference is not ed in that the November 
probabilit i es show, in general, a net increase with lower 







3. EXPECTED AMOUNTS OF RAINFALL INCREASE AND DECREASE 
The expected value of rainfall increase may be calculated 
by: 
(Rm - Rn) Rm > Rn 
where ~RI = expected amQunt of rainfall incre ~ 
Rm = rainfall accrued from modified cloud 
Rn = rainfall accrued from natural cloud 
NI = number of cases of rainfall increase . 
( 3 . 1 ) 
The expected value of rainfall decrease may be calculated 
by: 
(Rm - Rn) Rm < Rn 
where ~RO = expected amount of rainfall decrease 
NO = number of cases of rainfall decrease. 
( 3 . 2 ) 
Table 3-1 gives the expected values of increase rainfall 
amounts for the various cloud radii and seeding temperature. 
Table 3-2 gives the expected values of rainfall decrease for 
various cloud radii and seeding temperatures. Both tabl"es 
3-1 and 3-2 refer to the seasonal sample. 
It should be noted that the largest increases and de-
creases occur at roughly those cloud radii which exhibited the 
highest probabilities of rainfall increase and decrease 
respectively. Al so, with the exception of the 0.5 km radius, 
there is a trend toward decrease in magnitude of rainfall 
increase with lower seeding temperatures. 
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TABLE 3-1 
EXPECTED AMOUNTS OF RAINFALL INCREASE (INCHES) 
(SEASON) 
Seeding Temperature (OC) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km .45 .49 .52 .51 
. 0 km .61 .61 .61 .65 
1.5 km . 67 .64 . 59 .60 
2.0 km .57 .50 .48 .45 
2.5 km .53 .46 .43 .34 
3.0 km .47 .44 .39 .28 
TABLE 3-2 
EXPECTED AMOUNTS OF RAINFALL DECREASE (INCHES) 
(SEASON) 
Seeding Temperature ( ° C ) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km - . 18 -.25 -.22 - . 19 
1.0 km -.34 -.28 -.29 -.25 
1.5 km -.23 -.23 -.25 -.22 
2.0 km -.20 -. 18 - . 19 -. 19 
2.5 km -. 19 -. 16 -. 16 -. 16 
3.0 km - . 17 - . 14 - . 13 -. 13 
Tables 3-3 and 3-4 show similar results for the month 
of November. 
The v lues for November are somewhat smaller than those 
for the season. Otn~rwise the trends with changes in cloud 
radius and seeding temperature are much like those for the 
season. 




EXPECTED AMOl~TS OF RAINFALL INCREASE (INCHES) 
(NOVEMBER) 
Seeding Temperature (OC) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km .64 .41 .50 .79 
1.0 km .67 . 71 .74 .71 
1.5 km .72 .72 .72 .80 
2.0 km .65 .58 .57 .54 
2.5 km .68 .54 I 
.52 .40 
3.0 km .56 .52 .48 .35 
TABLE 3-4 
EXPECTED AMOUNTS OF RAINFALL DECREASE (INCHES) 
(NOVEMBER) 
Seeding Temperature (0 C) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km 0* 0* 0* 0* 
1.0 km -.25 -.53 -.44 -.33 
1.5 km -.34 -.34 -.33 -.24 
2.0 km - . 18 -.22 -.24 -.23 
2.5 km -. 19 -. 18 -.20 -. 18 
3.0 km - . 19 -. 16 -. 14 -. 14 
*These zeros should be interpreted to mean ~ 
small amounts and not certainty of no decrease . 
- I 
4. CONCLUSIONS ON POTENTIAL YIELD 
Indices of cumulus seeding potential can be determined 
by the same method as that described by Lowe, et !l (1971). 
The procedure is simply one of multiplying probabilities of 
an event by its respective expected value of increase or 
decrease and summing the resultant products corresponding to 
each possible event. The potential can be expressed as a 
yield with reference to a unit area or as a yield per seeded 
cloud. Both are reported here for Seasonal and November 
samples; for both a random and rainy day basis. The per-cloud 
value is derived by multiplying the areal values by the 
assummed cloud radius. The validity of this assumption is 
discussed in Lowe, ~!l (1971). The areal potential values 
can be interpreted as a measure of the cloud's modification 
efficiency and the per-cloud value can be likened to a measure 
of production. 
Tables 4-1(a and b) give yield values for randomly 
selected days for all months studied, both in terms of acre-
feet per square mile and acre-feet per cloud. 
Tables 4-2(a and b) give yield values based on probabil-
ities derived from the rainy day stratification. 
Tables 4-3(a and b) and 4-4(a and b) give similar 
information for the November sample. 
An examination of these tables will reveal the following 
points: 
( 1 ) 
( 2 ) 
( 3) 
On the basis of acre-ft/mi 2 , clouds of 1.5 km 
radius have the highest potential. 
On the basis of acre-ft/cloud, the larger the 
cloud, the greater the absolute yield. 
Comparing the results of the rainy day sample 
with those of the random sample, it is easily 
seen that the former has the greater potential. 
By this, it is meant that, on days when cumulus 
rainfall is forecast, modification will result in 





(4) The tables definitely support the fact that the 
month of November has more seeding potential than 
the season in gen e ral. 
TABLE 4-1(a) 
CUMULUS SEEDING POTENTIAL (ACRE-FT/MI 2 ) 
FOR RANDOMLY SELECTED DAYS 
(SEASON) 
Seeding Temperature (OC) 
Clo ud 
Radius 
-5 -8 -10 -15 
0.5 km 3.5 2.35 1.7 .65 
1.0 km 17.0 15.45 13.95 9.9 
1.5 km 16.9 15.35 13 . 85 10.25 
2. 0 km 11. 6 11. 15 10.5 7.3 
2.5 km 8.4 8. 1 7.55 5.5 
3.0 km 4.95 5. 1 5.2 3.7 
TABLE 4-1(b) 
CUMULUS SEEDING POTENTIAL (ACRE-FT/CLOUD) 
FOR RANDOMLY SELECTED DAYS 
(SEASON) 
Seeding Temperature ( OC) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km .945 .634 .459 . 270 
1.0 km 19.499 17.721 16.000 11.355 
1.5 km 43 . 602 39.603 35.733 26.445 
2. 0 km 53.209 51 . 145 48.164 33.485 
2.5 km 60.203 58.053 54. 111 39.419 
3.0 km 51.119 52.668 53.700 38.210 
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TABLE 4-2 (a) 
CUMULUS SEEDING POTENTIAL (ACRE-FT/MI 2 ) 
FOR RAINY DAYS 
(SEASON) 
Seeding Temperature ( 0 C) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km 6.2 4.2 3.3 1. 45 
1.0 km 23.2 20.2 17.75 12.75 
1. 5 km 20.95 19. 1 17. '0 12.5 
2.0 km 13. 7 13.35 12.26 8.95 
2.5 km 10.0 9.65 8.9 6.6 
3.0 km 5.9 6.0 6.0 4.4 
TABLE 4- 2 (b) 
CUMULUS SEEDING POTENTIAL (ACRE-FT/CLOUD) 
FOR RAINY DAYS 
(SEASON) 
Seeding Temperature ( 0 C) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km 1 . 779 1. 205 .947 .416 
1.0 km 26.610 23.169 20.359 14.624 
1.5 km 54.05 49.278 43.860 32.250 
2.0 km 62.842 61. 236 57.796 41.034 
2.5 km 71 .670 69.162 63.786 47.302 





TABLE 4-3 (a) 
CUMULUS SEEDING POTENTIAL (ACRE-FT/MI 2 ) 
OR RANDOMLY SELECTED DAYS 
(NOVEMBER) 
Seeding Temperature (OC) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km 2.25 1.0 .75 . 5 
1.0 km 19.8 17 . 2 14.75 8.0 
1.5 km 21.0 18.95 17.05 13.55 
2.0 km 18.9 16. 7 15. 1 1 0 . 2 
2.5 km 18.55 14.95 13.6 9.15 
3.0 km 12.4 11 .25 9.85 6.6 
TABLE 4-3(b) 
CUMULUS SEEDING POTENTIAL (ACRE-FT/CLOUD) 
FOR RANDOMLY SELECTED DAYS 
(NOVEMBER) 
Seeding Temperature (0 C) 
Cloud 
Radius -5 -8 -10 - 15 
0.5 km .646 .287 .215 . :44 
1.0 km 22.711 19.728 16.230 9. 176 
1.5 km 54. 180 21 . 736 19.556 15.482 
2.0 km 6.694 76.603 69.264 46.787 
2.5 km 132.947 107.147 97.471 65.578 
3.0 km 127.980 116.111 101.662 68.119 
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TABLE 4-4 (a) 
CUMULUS SEEDING POTENTIAL (ACRE-FT/MI 2 ) 
FOR RAINY DAYS 
(NOVEMBER) 
Seeding Temperature ( 0 C) 
Cloud 
Radius -5 -8 -10 -15 
0.5 km 3.85 1. 45 1. 25 .8 
1.0 km 22.25 20.05 16.75 9. 1 
1.5 km 23.7 21 .6 18.9 15.3 
2.0 km 21. 4 18.85 1 6 . 8 11. 55 
2.5 km 20.4 16.45 14.95 10.24 
3.0 km 14.05 12. 55 10. 7 5.7 
TABLE 4-4(b} 
CUMULUS SEEDING POTENTIAL (ACRE-FT/CLOUD) 
FOR RAINY DAYS 
(NOVEMBER) 
Seeding Temperature (0 C) 
Cloud 
Radiu s -5 -8 -10 -15 
0.5 km 1 .105 .416 .359 .230 
1.0 km 25.521 22.997 19.212 10.438 
1.5 km 61 .146 55.728 48.762 39.474 
2.0 km 98.162 86.465 77.062 52.980 
2.5 km 146.207 117.897 107.147 73.390 
3.0 km 145.010 129.528 110.435 58.830 
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